Recent techniques should be investigated in detail to avoid present and future problems of urbanization like flood, drought and water pollution. Low Impact Development (LID) Best Management Practices (BMPs) such as bioretentions, green roofs, rain barrels, vegetative swales, and permeable pavements have been implemented to diminish the adverse effects of urbanization.
INTRODUCTION
The inadequacy of water resources due to the increase in populations and land use changes due to the vast number of agricultural and industrial activities highlight the need for the most efficient management of water resources. Urbanization causes an increase in impervious areas, and thus a decrease in infiltration. As a result of the decrease in infiltration, surface runoff during rainfall increases and results in flooding events. In addition, with washoff of pollutants, which build up on surfaces during dry days, the water quality of surface water becomes poor. Several methods have been investigated to prevent flood and water pollution caused by land use change and urbanization (Davis ; Li et al. ; Gülbaz & Kazezyılmaz-Alhan ) . Low Impact Development (LID) type of Best Management Practices (BMPs) is among recently developed techniques (US EPA ).
LID BMP is an approach to land re-development to manage storm water runoff and quality in urbanized regions. There are several LID types such as bioretention facilities, rain gardens, storm water wetlands, vegetated rooftops, rain barrels, vegetative swales and permeable pavements (Sigmon et al. ; Yang et al. ) . Preserving and recreating natural landscape features, minimizing effective imperviousness to create functional and appealing site drainage, which treats storm water as a resource rather than as a waste product, are the intention behind implementing LID. LID has several benefits besides improving management of runoff and flooding, such as protecting animal habitats and ecology of the watershed.
Bioretention is a type of LID that diminishes the adverse effects of urbanization and is used to decrease runoff volume and peak flow rate, increase evapotranspiration, infiltration and ground water recharge, and reduce the pollutant loading in surface and ground water (Hunt et Aad et al. () implemented new modeling techniques for two LID BMPs, rain gardens and rain barrels, in EPA SWMM. SWMM was used to simulate pipe network hydraulics for the Beijing Olympic Village residential area in China incorporating some LID BMP types, such as porous pavements, green roofs and rainwater cisterns, into the model by Jia et al. () .
In this study, a hydrological model for the Rainfall-Watershed-Bioretention (RWB) system developed to investigate a bioretention type of LID by using EPA SWMM. The RWB system is an experimental set up developed by Gülbaz & Kazezyılmaz-Alhan (a). An RWB system is constructed in open space and consists of an artificial rainfall system, a drainage area and four bioretention columns with different soil mixtures. Inflow and outflow (drain flow) data at the bioretention entrance and exit are measured. The columns are modeled using the EPA SWMM. Then, the performance of the model is evaluated by comparing the model results with the experimental data collected in the RWB system. Finally, the modeling results of EPA SWMM are also compared with the results of the Hydrological Model of RWB (HM-RWB) developed by Gülbaz & Kazezyılmaz-Alhan (b) . Results show that EPA SWMM performs well in modeling bioretentions whereas the results of the HM-RWB are in better agreement with the experimental data.
MATERIAL AND METHODS

Experimental setup of RWB system
An RWB system is in place at the Avcılar Campus of Istanbul University in Istanbul, Turkey. The system has 40 m 2 of drainage area for watershed simulation, 40 rainfall nozzles for artificial rainfall simulation and four bioretention columns. The system is set up outdoor so that bioretention can also be tested under natural rainfall. The slope of the area ranges from 0 to 3%. The artificial rainfall system is constructed 1 m above the drainage area to simulate rainfall with different intensities. A water tank with 5 m 3 capacity, a flow meter, pressure gauge and a pump are used for the artificial rainfall system setup. Bioretention columns are cylindrical, with inner diameter of 54 cm and height of 124 cm; they are made from polyethylene material. The schematic of RWB system (a), (c) and four bioretention columns (b) are shown in Figure 1 .
Hydrological model of RWB system
HM-RWB is a mathematical model for the RWB system which expresses the hydrological performance of bioretention. This hydrological model has two main modules: The first module is called the Rainfall-Runoff model. Surface runoff generated over the drainage area is calculated by using kinematic wave theory. Calculated surface runoff represents the rainfall that reaches the bioretention columns as inflow. The second module is called the Runoff-Bioretention flow model. The flow at the exit of bioretention system is calculated using this module. An improved version of the Green-Ampt method under unsteady rainfall, which considers the effect of ponding depth on bioretention columns, is used in this module.
RWB model development with EPA SWMM
EPA SWMM is a watershed hydrological and water quality model among several other software programs (Huber & Dickinson ; Rossman ). Furthermore, some LID types such as bioretention, rain gardens, green roofs, infiltration trenches, permeable pavements, rain barrels, and vegetative swales can be modelled in EPA SWMM to simulate the effects of LID.
The various hydrologic processes, which are precipitation, infiltration, percolation, evapotranspiration, snow melting, overland flow, and drain flow, are taken into account in bioretention simulation. The concept of simulation processes for bioretention is shown in Figure 3 as an example. As can be seen in Figure 3 , four layers are defined for bioretention modeling in SWMM. The parameters of the surface layer include berm height, which is the maximum depth to hold surface water inside the bioretention system (mm), the vegetation volume fraction, which is the volume occupied by stems and leaves on the bioretention surface (as a fraction), S-surface roughness, which is Manning's n for overland flow over surface soil cover, and surface slope, which is the slope of surface layer (as a percentage). The parameters of the soil layer include porosity, which is the volume of pore space relative to total volume of soil (as a fraction), field capacity, which is the volume of pore water relative to total volume after the soil has been allowed to drain fully (as a fraction), wilting point, which is the volume of pore water relative to total volume for a well-dried soil where only bound water remains (as a fraction), conductivity, which is the hydraulic conductivity for the fully saturated soil (mm/hour), conductivity slope, which is the slope of the curve of log versus soil moisture content, and suction head, which is the average value of soil capillary suction along the wetting front (mm). The parameters of the storage layer include thickness, which is defined as gravel layer thickness (mm), void ratio, which is defined as the volume of void space relative to the volume of solids in the layer, seepage rate, which is the rate at which water seeps into the native soil below the layer (mm/hr), and clogging factor, which is the properties that define clog at the bottom of the layer. The parameters of the drain layer include the drain coefficient and the drain exponent, which are used to determine the rate of flow through a drain as a function of the height of stored water above the drain's offset, and drain offset height, which is the height of the drain line above the bottom of a storage layer (mm) (Rossman ; Chui et al. ) .
EPA SWMM is employed in modelling the RWB system to evaluate the hydrological performance of bioretention. First, the drainage area of the RWB system is modeled by defining slope, area, and the width of 38 subareas; 8 m 2 of the steel platform is used to represent the drainage area and introduced into the SWMM. The width and length of the drainage area is 4 m and 2 m, respectively. The main channel, which collects the surface runoff generated over the drainage area, is introduced into the program by defining the length, cross sectional area, roughness, and start-end points of each channel segment. Junctions are defined between each channel segment. A rain gauge is defined in the model, which allows for the definition of variable rainfall intensity (i) and rainfall duration (t r ). Figure 2 shows the EPA SWMM model of RWB system which includes the drainage area and four bioretention columns. Second, the bioretention columns of the RWB system are modeled. In order to implement bioretention into the model, vegetation volume, berm height, surface roughness, surface slope, soil thickness, porosity, field capacity, wilting point, conductivity, conductivity slope, suction head, storage thickness, void ratio, seepage rate, clogging factor, and drain coefficients are defined. These parameters depend on the surface, soil, storage and drain layers. The values for some of these parameters are selected within the range given by EPA SWMM manual whereas the rest of the parameters such as berm height, soil and storage thicknesses, hydraulic conductivity, porosity and moisture content are measured during the experiments (Table 1 ). In addition, the bioretention modeling principle of EPA SWMM is shown in Figure 3 . The surface runoff generated over the drainage area reaches the bioretention columns as inflow. The drain flow out of the bioretention columns shown in Figure 3 was measured in the RWB experimental setup and used to calibrate the EPA SWMM model. hydrographs obtained for 27.5 mm/hour of rainfall intensity and 15 minutes of rainfall duration are presented in Figure 4 . This figure shows the comparison of SWMM simulations with measured data and HM-RWB simulations for bioretention columns I-IV. In this figure, the calculated drain flow hydrographs by SWMM, the calculated drain flow hydrographs by HM-RWB and the measured drain flow hydrographs are labeled as Q_SWMM, Q_HM-RWB and Q_measured, respectively. As can be seen from this figure, the simulated results with the SWMM model represent the characteristics of the measured underdrain bioretention flow reasonably well with a slight underestimate of measured peak flow data. On the other hand, results of the HM-RWB model capture the peak and the shape of the measured drain flow hydrograph better than the EPA SWMM model. In addition, the drain flow hydrographs obtained for 27.5 mm/hour of rainfall intensity and 25 minutes of rainfall duration and 34 mm/hour of rainfall intensity and 15 minutes of rainfall duration are presented in Figures 5 and 6 , respectively.
RESULTS AND DISCUSSION
Statistical analyses were conducted to better assess the goodness of fit of the model. For this purpose, coefficients of determination for measured and calculated bioretention drain flow hydrographs under four rainfall intensities and four rainfall durations for four bioretention columns were calculated and presented in Table 2 . The coefficient of determination is defined as the square of the Pearson product-moment correlation coefficient, R (Rodgers & Nicewander ) . As can be seen from Table 2 , R 2 values for each experiment and the mean of R 2 values for each column for HM-RWB are greater than SWMM results. Since peak flow rates at the outlet of bioretentions are important in bioretention design, the absolute percent error of the models (HM-RWB and SWMM) relative to experimental results are calculated and given in Table 3 . While mean absolute percent error values for HM-RWB results are about 5%, they are about 15% for SWMM results. Thus, HM-RWB results are better than SWMM results.
Figures 4-6 show the calculated peak drain flow rates using both SWMM and HM-RWB. Whereas the calculated peak drain flow rates by SWMM stay the same for different rainfall events and differ only with respect to different bioretention columns, the ones by HM-RWB whereas the results of HM-RWB are in better agreement with the experimental data. Therefore, it is concluded that EPA SWMM can be used to model bioretention systems, but there is room for improvement. Moreover, the evaluation of the bioretention model with EPA SWMM using measured drain flow under bioretention column adds to the value of this study as the existing studies involve only measured surface runoff over the drainage area in bioretention modeling. 
